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SUMMARY 

Tests were conducted In the NASA Langley 30- by 60-Foot Wind Tunnel on a 
full scale 7.31 m (24 ft) long tip section of a wind turbine rotor blade. The 
blade tip section was built with ailerons on the trailing edge. The ailerons, 
which spanned a length of 6.1 m (20 ft), were designed so that two types could 
be evaluated: the plain and the balanced. The ailerons were hinged on the 

suction surface at the 0.62 X chord station behind the leading edge. The pur- 
pose of the tests was to measure the aerodynamic characteristics of the blade 
section for: an angle-of-attack range from 0° to 90°, aileron deflections 

from 0° to -90°, and Reynolds Numbers of 0.79 and 1.5x10^. These data were 
then used to determine which aileron configuration had the most desirable 
rotor control and aerodynamic braking characteristics. Tests were also run to 
determine the effects of vortex generators, leading edge roughness, and the 
gaps between the aileron sections on the lift, drag, and chordwlse force coef- 
ficients of the blade tip section 

The Important result to emerge from the wind tunnel test was that the 
plain aileron produced better rotor control and aerodynamic braking character- 
istics than did the balanced ailerons. The vortex generators produced a 
sizable Increase (up to 56 percent) In the chordwlse force coefficient which 
should significantly Increase rotor performance. The aileron gaps degraded 
the lift and Increased the drag. The leading edge roughness, on the other 
hand, produced largely negligible effects on most of the aerodynamic charac- 
teristics with a minor effect on the drag coefficient at low angles of attack 
when the ailerons were undeflected. 


INTRODUCTION 

The NASA Wind Energy Project Office, under the sponsorship of thr' U.S. 
Department of Energy has been evaluating various aileron concepts as a method 
for (1) controlling the output power of large (over 30 m In dlam) propeller 
type wind turbines, (2) protecting the rotors from overspeeding, and (3) 
reducing the rotational speed to a low value (preferably to a complete stop) 

In the event of a loss-of-load emergency. NASA Lewis has an experimental wind 
turbine, the Mod-0 shown In figure 1, which Is used to conduct field tests on 
Innovative concepts such as aileron controlled rotors. 

In mid 1983, a decision was made to build three 7.31 m (24 ft) long blade 
sections which would have ailerons over 6.1 m (20 ft) of the span. Two of the 
three sections were mounted on the ends of a two-bladed rotor which measured 



24.4 m (80 ft) to form the outboard sections of a rotor measuring 39 m (128 ft) 
from tip to tip. The rotor was field tested to determine the control and 
shutdown characteristics of both aileron configurations. The third outboard 
blade section was built for simultaneous testing In the NASA Langley 30- by 
60-Foot Wind Tunnel under steady uniform wind conditions. The purpose of wind 
tunnel tests was to measure the aerodynamic characteristics of the blade sec- 
tion under steady uniform wind conditions. Among the aerodynamic propertied 
of terest were the lift, drag, and moment coefficients of the blade section, 
the aileron hinge moment coefficient, and chordwlse surface pressure distribu- 
tions at one spanwlse station. These properties were measured at angles-of- 
attack from 0° to 90° for: (1) aileron deflections from 0° to -90°, (2) 

trlDped and smooth (as built) leading edge conditions, and (3) with vortex 
generators on suction surface. 

The purposes of this report are to document the results of the tests and 
to present some of the key results and conclusions. 
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SYMBOLS 

total projected area of the ailerons 
projected planform area of the blade tip section 

proportionality constant relating the force on the aileron push rod to 
the aileron system hinge moment 

chordwlse force coefficient 

drag coefficient 

lift coefficient 

pitching moment coefficient 

chord normal force coefficient 

aileron hinge moment 

total drag force on the blade tip section 

total lift force on the blade tip section 

total pitching moment on the blade tip section 

total hinge moment on the aileron system 

span length of the blade tip section 

span length of the aileron section 

mean chord length of the blade tip section 

chord length at the root end of the blade tip section 
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ctip chord length at the tip end of the blade tip section 
c a mean chord of the aileron 

q dynamic pressure of the free strewn 

V freestream wlndspeed 

y spanwlse location of the mean chord of the blade tip section 

a angle of attack (angle between the wind tunnel Jet stream and the 

chordllne at the root end of the blade tip section) 

x taper ratio of the blade tip section 

p air density 


APPARATUS AND PROCEDURES 
Blade Tip Section 

In figure 2 Is sketched the configuration of the blade section. In 
figure 3 Is a view of the blade section when It was Installed In the NASA 
Langley 30- by 60-Foot Wind Tunnel. The blade section was made with a NACA 
23024 airfoil at the root end, a NACA 64-621 airfoil 1.22 m (4 ft) away from 
the root end, and a NACA 64-615 airfoil at the tip. The planform taper was 
linear from root to tip whereas the thickness varied linearly only over the 
outer 6.1 m which utilized only the NACA 64-XXX airfoil sections. The tip was 
rounded approximately as sketched. The suction side of tip cap was an exten- 
sion of the suction surface of the blade, whereas, the pressure side of the 
tip cap was beveled toward the suction side. The twist distribution, refer- 
enced relative to the root end of the blade. Is -3® (nosedown) at Inboard end 
of the aileron section and -1® at the blade tip. This twist distribution, 
which Is unorthodox for a wind turbine, was dictated by the requirement that 
It duplicate the twist distribution designed Into the blade tip span of Mod-5A 
wind turbine. (The Mod-5A was terminated after the design phase.) 

The aileron section was 6.1 m (20 ft) In length and consisted of six 
segments of equal length, (fig. 2). Each segment was rigidly attached to the 
adjacent segments with 4.8 mm (3/16 In) gap between the ends of the segments. 
When deflected (by a hydraulic actuator enclosed within the root end of the 
blade section) all segments moved together as though the aileron segments were 
a single unit. Segmented hinges were used to attach the ailerons to the main 
blade structure. The hinge line was located on the suction surface at a loca- 
tion 62 percent of the chord (measured along the chord line and not along the 
suction surface) behind the leading edge. Along the hinge line there were, as 

shown In figure 2, gaps between the ends of the hinge segments, and between 

the upper front edge of the ailerons and the upper back edge of the blade sec- 
tion. These gaps measured approximately 205 by 11 mm (8 1/16 by 7/16 In). 

Saps 12 mm (1/2 In) also existed at both ends of the aileron span. 

The reason for highlighting the presence of the gaps Is because It was 

suspected before the tests (and subsequently proven by the tests) that the 
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gaps would have a significant effect on the lift and drag coefficient due to 
the air leakage from the pressure side to the suction side. 

As shown In figure 2(b), the ailerons were designed so that two separate 
configurations could be tested: the plain and the bal 'd. This was accom- 

plished with the use of removable Inserts which were av -hed to the main 
blade structure to form the plain aileron and additions that were fastened to 
the plain aileron to form the balanced aileron. A foam rubber strip was glued 
as shown to the rear edge of the Inserts to form a seal when the plain aileron 
was In the undeflected position. 

The blade section structure was similar that of an aircraft wing, and the 
three units were fabricated from aluminum. The aileron actuator system was 
housed Inside the blade between the root end of the blade section and the 
ailerons. No special efforts were made to fabricate the leading edge portion 
of the blade to be aerodynamical ly smooth. Standard construction methods and 
spray painting techniques were employed to form and finish the leading edge. 
The paint finish was not sanded or buffed to produce a smoother leading edge 
surface. This surface was judged not to be smooth In the aerodynamic sense, 
but also the leading edge was not rough enough to be classified as rough. 

One goal of large wind turbine designs Is low operation and maintenance 
costs. Because they are expected to operate for long periods of time unat- 
tended In all types of atmospheric conditions, the blades will not maintain 
aerodynamlcally smooth leading edges, even If they are so Initially. For this 
reason It was decided to do most of the testing with two leading edge trip 
strips, one on the suction surface and one on the pressure surface. The trip 
strips were 25 mm (1 In) wide by 0.25 mm (0.010 In) thick duct tape with one 
straight edge and the other with a sawtooth pattern. The sawtooth edges of 
both trip strips faced downstream, and were located a 0.075 X chord tehlnd the 
leading edges along the chordllne (not along the airfoil surface) (tig. 2(b)). 


Vortex Generators 

Vortex generators (VGs) have been proven to Improve the performance of 
large wind turbines (ref. 1). Field tests have been run on the 91.4 m 
(300 ft) diameter Mod- 2 with and without VGs. The Mod-2 blades are built 
using a slightly modified form of the NACA 230XX airfoil series. The test 
results showed that the VGs reduced the rated wind speed by about 2.25 mps 
(5 mph) . (The rated wlndspeed Is the lowest value at wnlch full power Is 
achieved.) On the basis of these results, It was decided to measure the 
effect the VGs might have on the blade tip section built with NACA 64-6XX air- 
foil series under non-rotating conditions In a uniform wind. The sizes of the 
VGs and their Installation pattern on the blade section were determined from 
the Mod-2 experience, and are shown In figure 4. 


Surface Pressure Measuring Cuff and the Angle-of -Attack Probe 

The tests of the blade section Included: (1) measurement of the surface 

pressure distributions In the chordwlse direction at one spanwlse station near 
midspan at a location 3.75 m (12.3 ft) from the root end, using a pressure 
sensing cuff, and (2) calibration measurements of an angle-of -attack probe 
both of which were used on a Mod-0 rotor blade during field tests. 
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The pressure cuff method of measuring surface pressures was selected 
because It had been successfully used on aircraft wings In steady flight, and 
on a rotating Hod-0 wind turbine blade which Is usually exposed to unsteady, 
turbulent winds. In the unsteady, turbulent winds It was anticipated that the 
surface pressures would also be unsteady. It Is well known that unsteady sur- 
face pressure distribution can be significantly different than steady ones, 
especially near stall. Hence, the reasons for testing the pressure cuff In 
these tests were (1) to acquire reference surface pressure data under steady 
flow conditions against which unsteady pressures measured In the field can be 
compared and (2) to check out the operation of the pressure cuff, associated 
Instrumentation and data recording equipment prior to using It In field tests 
on the Hod-0. 

The pressure measuring cuff system, shown schematically In figure 5(a), 
consisted of a belt of 32 0.125 In O.D. by 0.040 In I.D. plastic tubes. A 
single static pressure tap 0.040 In diameter was bored Into each tube. The 
bored taps locations were selected so that the chordwlse surface pressure dis- 
tributions could be accurately measured. A 32 channel pressure transducer was 
used for this measurement system. The pressures were recv rded by a system 
which Is shown schematically In figure 5(b). The pressure cuff was attached 
to the blade section with RTV silastic rubber cement. 

The reasons for calibrating the angle-of-attack probe are similar to 
those for making chordwlse pressure measurements. In addition to measuring 
the Instantaneous chordwlse surface pressure distributions on a rotor. It Is 
Important to also know the angle of attack at the same Instant and spanwlse 
location as the pressure cuff. On a rotating wind turbine rotor there Is no 
undisturbed free stream just ahead of the blade such as there Is ahead of an 
aircraft wing. Furthermore, a wind turbine rotor blade frequently operates at 
and above stall whereas aircraft wings always operate In the attached flow 
regime below stall. The angle-of-attack probe was designed to be supported on 
a guyed boom at a location one chord length In front of the leading edge on an 
extension of the chordllne (fig. 6). This Is not far enough out to be In the 
undisturbed free stream, especially at high angle-of-attack ac stall and 
beyond. Hence, the reason for calibrating the angle-of-attack under uniform 
steady wind conditions In a wind tunnel. 

Except for the pressure cuff and the angle-of-attack probe, all auxiliary 
tubes and wiring were passed through the Inside of the blade to under the 
turntable where the recording equipment was located. 


Wind Tunnel and Test Hethod 

The 30- by 60-Foot Wind Tunnel of NASA Langley Research Center was chosen 
as the facility In which to conduct the tests. The blade section was mounted 
vertically on a turntable, the surface of which was flush with that of a large 
horizontal platform, located In the open test section of the tunnel (fig. 7). 
This turntable was remotely adjustable to any angle setting up to +360°. The 
aerodynamic and gravity forces and moments Imposed on the blade section were 
transmitted by way of the turntable to a force balance measuring system. The 
chordllne at the root end of the blade was aligned with the turntable 
reference diameter which had a 0° marking at one end and 180° mark at the 
other end. Hence, the angle-of-attack of the blade tip section was measured 
relative to the turntable reference diameter line and the angle-of-attack 
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settings reported herein (after being corrected for a slight tunnel flow angu- 
larity) are relative to the root end chordllne. 

A portable hydraulic supply system, located In a space under the test 
platform, was used to supply the power needed to deflect the ailerons and hold 
them In any desired position. Thus, to run a test at any predetermined angle- 
of-attack and aileron deflection angle, these two angles were set remotely 
with the wind tunnel not running. After the two angles were set and locked, 
the wind tunnel was brought up to speed and allowed to settle out to a steady 
wlndspeed. Then all the relevant data was recorded. 


TESTS 

Blade Tip Section Configuration 

Various blade tip-section configurations were tested. These configura- 
tions are listed In table I, each of which was tested for the reason given In 
the last column of the table. 

The first tests were those with the pressure cuff and angle-of-attack 
probe Installed on the blade tip-section. When the surface pressure and 
angle-of-attack probe calibration tests were completed, only the probe was 
removed because It was believed that the pressure cuff would not measurably 
affect the aerodynamic characteristics of the blade tip-section. One primary 
reason for not removing the cuff was to avoid the need of having to reinstall 
It on the blade for possible field testing In the future. However, when the 
time came to change from the plain ailerons to the balanced ailerons, It was 
found that the changeover could not be made without removing the cuff. Hence, 
the tests of the balanced aileron were run without the pressure cuff on the 
blade. 


Test Measurements 

This test program was divided for convenience Into four broad types: 

(1) Aerodynamic force coefficient measurements. 

(2) Chordwlse surface pressure measurements. 

(3) Angle-of-attack probe calibration tests. 

(4) Flow visualization experiments. 

(Tests 2 and 3 were run concurrently. Each of these tests are outlined In 
greater detail later In the report.) 

Aerodynamic force and moment coefficient measurements . - The net aero- 
dynamic forces and pitching moment Imposed on the tip section were transmitted 
to and measured at the turntable by existing Instrumentation. The desired 
coefficients to be determined from the force and pitching moment measurements 
were the 


Lift Coefficient, 



L 
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where 


Drag Coefficient, Cp 


D 


q A „ 


Pitching moment at the 1/4 chord, jr 

B I 

Chordnormal force, = Cl cos a + Cq sin a 
Chordwlse force, Cq = Cl sin a - Cq cos a 


Ag = planform area of the blade tip section 
eg = mean chord of the tip section where 


' 3 x C root x 


(1 + X •*• X ' ) 
(1 ♦ X) 


X = Taper ratio 



The spanwlse location, y, of C^ Is given by 

b 1 + 2X 
y = 2 x 3(1 + X) 
b = tip section length 

V 2 

q = the dynamic pressure of the freestream 

a - angle of attack measured between root end chordllne and 
the freestream 

L = total lift force on the tip section 
D = total drag force on the tip section 
M = total pitching moment on the tip section 
p * air density 

Another Important coefficient measured was the aileron hinge moment. This 

M 

coefficient Is defined as C = ■■ : a ; 

am qA c 


where 

M am = the total aileron hinge moment 

c a = the aileron chord calculated using the equation for eg 
A. a - aileron projected area 

The M am was txtracted from the strain gage on the aileron actuator as out- 
lined In the Appendix A. 

Chordwlse surface pressure measurements and angle-of-attack probe 
calibration . - These two tests were conducted concurrently. The test matrix 
for these tests Is shown In figure B1 In Appendix B. However, none of the 
test results are presented In this document. 
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Flow visualization . - The purpose of these experiments was to determine 
the flow pattern In the neighborhood of the upper surface of the tip section 
when the aileron deflections are large, of the order of -30° to -90°. The 
visualization was accomplished with tufts which were attached to the upper 
surface of the blade. The tufts were attached In rows that run In the chord- 
wise direction from the leading edge to the trailing edge In the region close 
to the Inboard end of the aileron. The tuft patterns were recorded on video 
tape using the existing TV cameras and recording equipment. Recordings were 
made for a selected number of conditions. However, these results are not 
reported In this document. 


Matrices of Test Condlt ons and Parameters 

The matrices of angles-of-attack, aileron deflections and test conditions 
for which the various coefficients were determined are shown In Appendix B and 
are summarized In table II. 

Because the Mod-0 rotor blades operate at Reynolds Numbers between one 
and two million, depending on the rotational speed, wind speed, and the local 
chord length. It was the objective of this test to acquire data within this 
range of Reynolds Number. At the time of the tests, however, the Langley 
30 by 60 Foot Wind Tunnel could operate continuously at wlndspeeds only up to 
~61 mph. Hence, the tests at the matrix points of Appendix B were run at 61 
mph, which corresponds to a Reynolds Number of 1.5xl0& based on the mean 
chord of the tip section. To determine the effect of Reynolds Number, data 
were collected for selected matrix points of Appendix B at about 33 mph 
(Re = 0.79xl0 6 ). 


Data Collection, Processing, and Presentation 

Tho tip section force and moment data were measured with the existing 
Instrumentation on the turntable and data acquisition system. These data were 
collected under steady state conditions for each of the test matrix points as 
specified In the Appendix B. The data were processed to yield the force and 
pitching moment coefficients defined earlier In t Is document. Corrections 
were made to the raw data for tunnel blockage effects and for a slight angu- 
larity of the tunnel flow. All the results are presented In tabular form In 
tables III to XI. 


RESULTS ALD DISCUSSION 

In this report are documented all the aerodynamic force and moment coef- 
ficients derived from the wind tunnel tests. Only the key results, such as 
the effects of trip-strips, vortex generators, aileron deflections and the 
aileron gaps on the lift, drag, and chordwlse force coefficients will be dis- 
cussed. What are not discussed are the results pertaining to the aileron 
hinge moment coefficients, and the blade tip moment coefficients, and the 
chordnormal force coefficients. 

Also not Included In this document are: (1) the measured chordwlse sur- 

face pressure distribution, (2) the angle- of-attack probe calibration data, 
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and (3) the results of the video visualization recordings. These three Items 
are Intended to be the subject of other reports. 

All the aerodynamic force and moment coefficients are contained In tables 
III to XI. For convenience the test conditions, test variables, and para- 
meters are summarized In table II. 


Aerodynamic Braking and Control Characteristics 

The aerodynamic characteristics of primary Interest are the ones 
concerned with the ability of the ailerons to control the power of a wind 
turbine and to protect the rotor from overspeeding under emergency no load 
conditions. The control and overspeed protection characteristics are best 
revealed by the chordwlse force coefficient Cq (also referred to as the 
suction coefficient). 

Positive values of Cq give the blade tip Its power producing charac- 
teristics and negative values Its braking power. To control power, the Cq 
should decrease monotonlcally as the aileron deflection Is Increased over a 
range of angles-of-attack over which the blade section Is expected to operate, 
namely 0° to about 20° for aileron deflections between 0° and about -40°. 

Plo:s of Cq for both the plain and balanced aileron as a function of 
angle-of -attack for aileron deflections from 0° to -40° are shown In figure 8. 

On a rotating wind turbine rotor, the outboard portion of each blade 
generally operate In the attached flow condition where the angles-of-attack 
are normally less than 20°. In the range from a = 0° to about 20° the Cq 
curves for the plain and balanced ailerons are seen to have similar shapes for 
most aileron deflections. The notable feature of Interest for control pur- 
poses Is that as the aileron Is deflected, the Cq versus a curve shifts 
to more negative values In a systematic manner after the deflection moves 
beyond -5°. Between 0* and -5° of deflection, there Is little separation 
between the curves for both ailerons, thereby suggesting that ailerons are not 
very effective as power control devices In this range. However for aileron 
deflections between -5° and -25°, the separations between the Cq versus 
a curves for larger aileron deflections are more systematic (l.e. no crossing 
of the curves) for the plain ailerons than for the balanced ailerons. It Is 
this regular separation with Increased deflection that gives the rlaln aileron 
the more desirable power controlling characteristics. For aileron deflections 
beyond -25°, the Cq versus a curves for both ailerons are well sepa 
rated, and the separations are more or less constant. 

Beyond o = 20° for 6 a 's up to -40°, the Cq curves are of no prac- 
tical Interest because the aileron control sections of the rotor blade do not 
operate In this a range except during the startup or shutdown transients. 
However, for braking a wind turbine under no load condition, negative Cq 
values are desired for all a's up to 90°. The more negative Cq Is, the 
higher Is the braking force and the more effective the ailerons are as brakes. 

In figure 9, It Is seen that for 6 a * -90° Cq has sizeable negative 
values for a's less than about 30°. Above 30° , Cq becomes positive for both 
ailerons. However, for the plain aileron Cq decreases and becomes slightly 
negative for Increasing a; whereas, for the balanced aileron, the Cq remains 
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positive at o's greater than 30°. It Is this characteristic that makes the 
balanced aileron less desirable as a braking device. Whether or not a free 
wheeling rotor under no load Is prevented from overspeeding and slowed to a 
complete stop or to a low equilibrium depends on the balance between the 
chordwlse braking forces produced by the ailerons on the blade tip section and 
the power producing forces of the span Inboard of the ailerons. It Is known 
from analysis and field tests of the plain ailerons on the Hod-0 that the 
existence of positive Cq's at a's below 90° prevents rotors from being 
slowed to a complete stop and the sizable negative Cq at low 6's prevented 
rotor overspeed (ref. 2). 


Effect of Leading Edge Trip Strips 

All of the tests, except for two series (tables IX and XI), were run with 

trip strips on the leading edge. Those two series were run with the as-built 

leading edge when the blade was equipped with the balanced aileron. In 
figure 10 are plotted the C L , Cq, and Cq for the cases of 0° and -9C aile- 
ron deflection, with and without trip strips and with and without vortex gen- 
erators (discussed In the next section). A study of these data shows that the 
trip strips produce a slight and largely negligible effect on the C^, Cq, and 
Cq for all angles-of-attack beyond about 5°. At alphas below 5° the effects 
are not negligible primarily because the values of Cl, Cq, and Cq are small 

to begin with. The leading edge condition had no effect on the Cq when the 

aileron was deflected to -90®, (fig. 10(d)). Hence, for most engineering cal- 
culations, It would be safe to assume the trip strips produce no significant 
changes In these aerodynamic quantities. 


Effects of the Vortex Generators 

The effects of the Vortex Generators (VGs) on Cl, Cq, and Cq for vari- 
ous angles-of-attack and zero aileron deflection are also shown In figure 10. 
These data are for the balanced aileron configuration with and without trip 
strips, and with and without VGs. 

The most prominent effect of the VGs was to Increase the C L which In 
turn Increases the Cq. These Increases occurred In the a range from 5° to 
33°, the maximum Increase being 25 percent for the Cq, and 56 percent for the 
Cq at a = 25®. The slope of the Cq versus a curve was also Increased 
for as below 20®. These Increases are understandable because the VGs are 
performing the function for which they were designed: namely, to Induce the 
free stream to draw closer to the upper surface of the airfoil at higher 
angles of attack. On the other hand, the VGs did not Increase the drag appre- 
ciably (fig. 10(b)), primarily because the boundary layers were turbulent to 
begin with; thus the VGs did not add measurably to the skin friction. Below 
a = 5®, however, the VGs reduced the C L - 

The Importance of the Increased Cq for A a = 0 Is the accompanying 
Increase In Cq which would lead to an Increase In output power In those 
sections c' the rotor blades that operate 'n the 10® to 35® angle-of-attack 
■^ange. This Is shown In figure 10(c). These results add support to the Hod-2 
test of VGs where It was shown that VGs significantly Increased the performance 
of rotors that use NACA 230XX airfoil (ref. 2). The results reported here 
suggest that rotors made with NACA 64-618 to 621 airfoils will probably 
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experience a significant Increase In performance. For 6 a * -90°, the 
tabular data (not presented In a figure) shows that VGs did not Improve the 
aerodynamic braking characteristics of the outer blade section. 


Effects of Gaps 

The Importance of the gaps Is the effect they have on (1) the rotor effi- 
ciency In winds below rated when the ailerons are not deflected and (2) on the 
aerodynamic braking In an emergency shutdown when the ailerons are fully 
deflected. For these reasons testing for the effect of the aileron gaps was 
focused on the angle-of -attack range 0° to 30° for no aileron deflection (dis- 
cussed below) and 20® to 60® for an aileron deflection of -90® (not discussed 
In this report) . 

In figure 11 are shown the effect of gap* on Cl, Cq, and Cq versus 
angle-of -attack for the case when the plain leron Is set at a zero deflec- 
tion angle. In figure 11(a) It Is seen that the Cl Is decreased by the 
open gaps over the entire angle of attack range from 0® to 32®. The maximum 
decrease of about 0.1 occurred at os below 2.5®. The drag coefficient, on 
the other hand, was Increased by the open gaps up to 11 percent for a * 10®, 
and decreased by up to 7.5 percent from beyond 12® to 26®. After 26°, the 
gaps had no measurable effect on Cq (not shown). The reason for the crossing 
of the curves In figure 11(b) Is not known. 

The chordwlse force coefficient (fig. 11(c)), was reduced by the open 
gaps for angles of attack up to about 20®, beyond which the gaps had no effect. 
These Cq curves In figure 11(c) show clearly ’„hat open gaps will probably 
reduce the efficiency of a rotor because Cq Is directly related to the rotor 
torque and hence the power. Therefore, It Is essential that the aerodynamic 
efficiency of that section of the blade with the ailerons be maintained at the 
highest possible efficiency. This can be done by an appropriate design of the 
ailerons *hat will eliminate gaps when the ailerons are undeflected. 


Effect of Reynolds Number 

The effect of the Reynolds Number, Re, on the blade tip section Cl, 

Cq , and Cq are examined here only for the tests with the plain ailerons. 

The tests ' r e run at two midspan Re values: 0.79 and 1.5xl0 & . Discussed 
here are tht cases where the leading edge w*s equipped with trip strips (and 
no VGs) and the ailerons were deflected to 0° and -90®. 

It Is seen In Figure 12 that the Re effect on the Cq, Cq, and Cq was 
negliglt '<? at all angles-of-attack except In the range from about 25® to 50® 
where the effect Is seen to be minor. The minor changes In the Cq and Cq 
when 6=0® are probably of no Importance except for the effect they have on 
the Cq. The change In Cq, however, ooes have significance, namely, that an 
Increase In Rc changes the plain aileron from an aerodynamic brake (negative 
Cq) to a power producing (positive Cq) device. This trend with Increasing Re 
has also been observed In the wind tunnel tests of a NACA 23024 semi span model 
with plain ailerons (unpublished results). Those tests showed that Cq Is 
negative over all a from 0® to 90® at Re less than 60C 000 and as the Re 's 
Increased, the Cq values In the * range from about 25® to 45® Increase 
monotonlcal ly and become positive. As stated In a preceding section, the most 
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suitable aerodynamic braking device Is one which produces sizeable negative 
C c for all a from 0* to 90°, preferable with Cq values less than -0.2. 
Hence, these three-dimensional tests of a full scale semlspan blade tip with 
plain ailerons support the conclusions drawn from the tests of a two- 
dimensional model. That conclusion Is that the plain ailerons on a blade tip 
operating at Reynolds Numbers over one million will provide a significant 
amount of aerodynamic braking at a below 25 # , but not for a over 25°. 


CONCLUSIONS 

The Important conclusions to be drawn from these tests ar° that (1) the 
plain aileron produced better rotor control and aerodynamic braking character- 
istics than did the balanced aileron, (2) vortex generators produced a ;1gn1f- 
Icant Increase (up to 19 percent) In the chordwlse force coefficient which 
probably would produce an Increase In rotor performance, (3) the gaps between 
the aileron sections and between the ailerons and the main blade tip section 
produce some degradation In the aerodynamic lift and an Increase In the drag 
when the ailerons are undeflected, (4) the roughened leading edge produced a 
negligible effect except on the drag coefficient at low alpha and zero aileron 
deflections where the drag was Increased slightly, and (5) the Reynolds Num- 
bers effect was negligible or minor over the range tested. 
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APPENDIX A 


AILERON HINGE MOMENT COEFFICIENT 
Definition of the aileron hinge moment coefficient Is: 


hinge moment, ft lbf 

tunnel dynamic pressure, lbf/ft? 

mean chord of the aileron, * 1.153 ft 

length of the aileron section = 20 ft 

The hinge Moment, Mam, must be determined using the force Fpp measured on 
the push rod of the aileron actuator linkage system. A relationship between 
the push rod load and the aileron hinge moment Is 

Fp R (lbf) X C = M' am (In lb) 

M'am = 12 Mam 


am 


am 


2 

qc b 
M am a 


where M am 
d 

c am 

b a 


where the C Is a function of the aileron deflection angle. This calibration 
Is given both graphically and In tabular form on the next page. 
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APPENDIX B 


TEST MATRICES 
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TABLE I. - BLADE TIP-SECTION CONFIGURATIONS TESTED 












T aDle 

no. 


Ill 

Plain 

ailerons 

IV 

Plain 

ailerons 

V 

Plain 

ailerons 

VI 

Balanced 

ailerons 

VII 

Balanced 
ai lerons 

VIII 

Balanced 
I ai lerons 


IX 

Balanced 
ai lerons 

X 

Bal ancea 
ailerons 

XI 

Balanced 
ai lerons 
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TABLE II. - REFERENCE MATRIX OF DATA TABLES AND TEST CONDITIONS 


Run 

nos. 

Nominal 

tunnel 

Q.PSF 

Trip 

strips 

Ai leron 
gaps 

_ 

VGS 

5 a 

Range 

- — j 

AQA 

Range 

1 

1C. 

5 

On 

Open 

Off 

0* 

0 % to 90.6* 

2 to 9 









-5* to -40* 

0* to 36.6* . 

10 to 12 









-60* to -80* 

34.6* to 90.6 

13 









-90* 

0* to 90.6* 

1 

3. 

2 







0* 

0* to 40.6* 

13 

3 

2 







-90* 

0* to 90.6* 

201 

10.5 



All S 

ealed. 



0* 

0* to 30.6* 

213 

10. 

5 



Only hinge 



-90* 

20.6* to 60.6* 






1 ine 

sealed. 





101 

3. 

2 



Open 



0* 

0* to 32.6* 

113 

3. 

- 







~90* 

0* to 90.6* 

201 

3.2 





Or 


“90* 

0* to 90.6* 

301 

10.5 





Off 

0* 

0* to 90.6* 

302 to 9 









-5* to -40* 

0* to 36.6* 

310 to 12 









-60* to -80* 

34.6* to 90.6" 

313 

, 








-90* 

0* to 90.6* 

301 

3. 

2 

Of 

f j 





-90* 

0* to 90.6" 

| 

401 

10.5 

On 



Or 


0* 

0* to 90.6* 

402 to 05 



On 



On 

i -5° to -20* 

0* to 24.6* 

413 



On 



On 

i -90* 

i 

0* to 90.6* 

501 



Off 



Off 

i 0* 

0* to 90.6* 

502 to 05 



Off 


. 

Off 

1 -5 to “20 

0° to 24.6* 

! 513 



Off 

1 i 


Off 

-90* 

i 0* to 90.6* 
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BALANCED AILERONS 180 RPM TRIP STRIPS ON AILERON GAPS OPEN SORTEX GENERATORS 
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BALANCED AILERONS 180 RPM TRIP STRIPS ON AILERON GAPS OPEN VORTEX GENERATORS 

OFF 
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BALANCED AILERONS 180 RPM TRIP STRIPS ON AILERON GAPS OPEN VORTEX GENERATORS 
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figure L ~ &0&NASA Mod-0 experimental 
wind turbine Plum Brook Station, 
Sandusky, Ohio, 
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tb) Vortex generator dimensions & layout 
Figure 4. - Concluded. 



Strip-a-tube molded ribbon 
10-0. 125 "ODxOlW ID tubes 



Pressure belt consisting of 4 M strip-a-tube" ribbons 


0.04(7' dia. hole 


RTV rubber plug 



pressure tap 

la) Pressure taps and tubing 


Figure 5. - System for measuring Wade surface pressures. 





(b> block diagram 


Figure 5. - Concluded 










Outline of test section entrance cone 



Figure 7.- Test setup in the Langley 30*60 foot wind tunnel. 
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lb) Balanced ailerons. 
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Figure 8.- Chordwise force coefficients for the Made tip section with plain and balanced ailerons. 
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Figure 9. - Chondwise force coefficient for the Made tip section when the ailerons are de- 
flected to -9 tf. Midspan Reynolds No. ■ L5*l(r trip strips on the leading edge. 
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ta) Lift coefficient 


Figure 10.- The effect of trip strips, and vortex generators on the aerodynamic 
properties of the blade tip section with a balanced aileron at a zero deflection 
angle. Midspan Reynolds No. *1.5x109. 
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(c) Chorderise force coefficient 
Figure Id - Continued 



Figure 10. - Concluded. 
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(a) Uft coefficient 



Figure It - Effect of various aileron gaps on the blade tip aerodynamics, midspan 
Reynolds number • 1 5 million, plain aileroi., trip strips on the leading edge, 
aileron deflection-O 0 . 
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(c) Chord#i se force coefficient 
Figure 11.- Concluded. 
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(a) Lift coefficient 


Figure 12. - Effect of Reynolds number on the aerodynamic characteristics of the 
blade tip section with plain ailerons, trip strips on. all aileron gaps open, no 
vortex generators, aileron deflected 0°. 
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<b) Drag coefficient 


Figure 12. -Continued. 
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Ic) Chordwlse force coefficient. 


Figure 12.- Concluded. 
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Figure BZ.« Test Matrix 

Aileron type: Plain, pressure cuff on, aileron gaps open 
Leading edge condition: trip strip with sawtooth backward facing 

Tunnel wind speed ■ 61 mph (ait points) 

33 mph (boxed points JL •]) 
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Figure B3. - Test Matrix for the following Up section condition 

1. Leading edge tape on 

2. Hinge line gaps sealed for 6 8 • Oand -9 ( ? 

3. Gaps at ends of aileron sealed only for & 8 - 0 

4. Tunnel wind speed - 61 mph. 





Angle of attack 


Figure BA. - Test Matrix 

Aileron type*. Balanced, pressure cuff off. aileron gaps open 
Leading edge condition: Trip strips with bactowrd facing sawtooth 
Tunnel wind speed • 61 mph (all points) 

33 mph (boxed points I 
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Figure 65.- Test Matrix 
Aileron type-. Balanced, no pressure ruff 
leading edge conditions: Vortex generators on suction side 

Trip strips with backward facing sawtooth edge 
Tunnel wind speed » 61 mph (ail polntil 

33 mph (boxed points Vj) 


Aileron deflection. 



Figure B6. - Test Matrix 
Alltron typt: Bilannd, no pressure ci'tf 
Lwling adgi ojndMon-. Smooth Its rtcaivad condition) 
Tunnal wind spatd • 61 mph (all points) 

33 mph (bond points •!•!•_€) 
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